Abstract. Dynamic force spectroscopy of single molecules, in which an adhesion bond is driven away from equilibrium by a spring pulled with velocity V, is described by a model that predicts the distribution of rupture forces (mean and variance), all amenable to experimental tests. The distribution has a pronounced asymmetry, which has recently been observed experimentally. The mean rupture force follows a (lnV) 2/3 dependence on the pulling velocity and differs from earlier predictions. Interestingly, at low pulling velocities a rebinding process is observed whose signature is an intermittent behavior of the spring force that delays the rupture. Based on the rupture mechanism, we propose a new "pick-up-and-putdown" method to manipulate individual molecules with scanning probes. We demonstrate that the number of molecules picked up by the tip and deposited at a different location can be controlled by adjusting the pulling velocity of the tip and the distance of closest approach of the tip to the surface.
INTRODUCTION
Single molecule spectroscopy is by now an established approach that can report on distributions of molecular properties and can provide kinetic information on conformational changes such as folding and unfolding of molecules without the "scrambling" that occurs due to ensemble averaging. 1 Such information could be valuable in particular for biomolecules, where rare events might have functional significance but can be masked in an ensemble approach. Dynamic force spectroscopy (DFS) has been introduced as a spectroscopic tool to probe the complex relationship among "force-lifetimeand-chemistry" in single molecules bound in an adhesion complex [2] [3] [4] and to reveal hidden details of molecular scale energy landscapes and adhesion strengths. The corresponding experiments probe mechanical forces on small scales and provide a versatile tool for studying molecular adhesion and friction through the response to mechanical stress of single molecules or of nanoscale tips. The probing techniques include atomic force microscopy (AFM), 2, 5 biomembrane force probe microscopy, 3 and optical tweezers. 4 Examples of processes that are investigated are friction on the atomic scale, 5, 8 specific binding of ligand-receptor, 9 ,10 protein unfolding, 11, 12 and mechanical properties of single polymer molecules such as DNA. 13, 14 The rupture force in DFS is quantified by the maximum extension of a spring, the linker, which is followed by a rapid recoil of the spring to its rest position (see Fig. 1 ). This resembles the stick-to-slip transition in studies on friction. The unbinding process of a single molecule is studied one molecule at a time, which means that one measures a collection of independent random rupture events. This type of measurement leads to a distribution of rupture forces. In addition, measurements of rupture forces over a wide range of pulling velocities, from very slow to extremely fast, are used to explore the energy landscape of the bound complex. Velocity serves as a main "control" parameter that determines the rupture force.
Understanding unbinding processes on the singlemolecule level, and in particular its dependence on the pulling velocity, opens new ways for manipulating individual molecules and for controllable modification of surface structures. Manipulation of individual molecules can be used to build new molecular suprastructures, to explore the influence of the environment on a molecule, or to realize and test concepts for new nanodevices. [15] [16] [17] [18] [19] [20] [21] Soon after the invention of scanning tunneling microscopy (STM) and atomic force microscopy (AFM) it was recognized that scanning can alter surface topography. At that time this was considered a drawback for imaging. However, it turned out that these observations led to the idea of controllable modification of surface structure at the atomic scale, which attracted the attention of a large number of research groups. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] The ability to manipulate individual atoms, molecules, and clusters with scanned probes has opened new fascinating areas of research and allowed the performance of "engineering" operations at the ultimate limits of fabrication.
Manipulations are usually classified into two types: lateral and vertical. [18] [19] [20] [21] [22] [23] [24] [25] [26] In the lateral case an object is displaced (pulled, pushed, or slides) from one position to another along the surface. In the case of vertical manipulation the object is transferred between the surface and the tip. In the literature this mode is sometimes referred to as "pick-up-and-put-down". 19 Lateral movements of adsorbates have been the subject of numerous experimental and theoretical studies. 18, [20] [21] [22] [23] However, controllable vertical manipulations of individual adsorbates by AFM are just at the beginning. 18, 21, [24] [25] [26] [27] [28] It is more difficult to control vertical manipulations than lateral ones, since the energy barriers to be overcome when pulling an individual adsorbate off a surface are usually higher than for lateral movements. Here is where the need to understand the unbinding (rupture) enters, which makes the single molecular rupture and the molecular manipulation intimately related.
In the present paper we discuss a new approach 29 to describe unbinding processes measured by DFS, which goes beyond previous models and methods of analysis. 4, [30] [31] [32] [33] [34] [35] [36] As we show, our approach: (1) proposes a possible mechanism of rupture, (2) emphasizes the importance of investigating the distribution function of rupture forces rather than focusing on typical rupture forces only, and (3) gives a deeper insight into the effects of rebinding. We also demonstrate that the number of molecules picked up by a tip and deposited at another surface location can be controlled by adjusting the pulling velocity of the tip and the distance of closest approach of the tip to the surface. This differs from an earlier suggestion to control the extraction of atoms from a surface through the duration of maximal stay in the vicinity of the surface. 24 
UNBINDING OF A SINGLE MOLECULE
In DFS experiments an adhesion bond is driven away from its equilibrium by a spring pulled at a given velocity. Rupture of adhesion bonds occurs via thermally assisted escape from the bound state across an activation barrier. The latter diminishes as the applied force increases, so the rupture force is determined by an interplay between the rate of escape in the absence of the external force, and the pulling velocity (loading rate). Thus, the measured forces are not an intrinsic property of the bound complex, but rather depend on the mechanical setup and loading rate applied to the system. Let us consider a one-dimensional description of the unbinding process along a single reaction coordinate, x. The dynamic response of the bound complex is governed by the Langevin equation (1) Here the molecule of mass M is pulled by a linker of a spring constant K moving at a velocity V. U(x) is the adhesion potential, γ x is a dissipation constant, and the effect of thermal fluctuations is given by a random force ξ x (t), which is δ-correlated <ξ x (t)ξ x (0)> = 2k B Tγ x δ(t). In eq 1 thermal fluctuations are the origin of the distribu- tion of rupture forces. In a more general case other sources of randomness are possible.
The bound state is defined by the minimum of the total potential
In the absence of thermal fluctuations, unbinding occurs when the potential barrier vanishes, i.e., at the instability point where d 2 Φ(x,t)/dx 2 = 0, dΦ(x,t)/dx = 0. At this point the measured spring force, F = K(x-Vt), reaches its maximum value F = F c . In the presence of fluctuations the escape from the potential well occurs earlier, and the probability W(t) that a molecule persists in its bound state is defined by Kramers' transition rate 37 and can be approximately calculated through the following kinetic equation (2) Here ∆E(t) is the instantaneous barrier height and Ω 1,2 (t) are the effective oscillation frequencies at the minimum corresponding to the bound state and maximum of the combined potential Φ(x,t). Equation 2 does not take into account rebinding processes. The experimentally measured distribution of rupture forces, P(F max ), can be expressed in terms of W as (3) As we have already noted above, the rupture force, F max , is defined as the maximal spring force, K(x-Vt), measured during rebinding process.
Because of the exponential dependence of the unbinding rate on ∆E(t), we focus on values of F close to the critical force F c at which the barrier disappears completely. Then the instantaneous barrier height and the oscillation frequencies can be written in terms of the reduced bias, 38 ε = 1-F max /F c , as
where U c and Ω c are the parameters of the bare, unbiased, potential U(x), which is an information we are after. See ref 39 for the definitions of U c , Ω c and F c corresponding to Morse potential. Solution of the kinetic eq 2 with ∆E(t) and Ω 1,2 (t) given by eq 4 leads to the final expressions for P(F max ), its mean value <F max >, and the variance σ
(5) (6) (7) where P 0 is a normalization constant.
Expression 5 differs essentially from the earlier proposed and often used logarithmic law, 4 where k 0 is the spontaneous rate of bond dissociation, and ∆x is a distance from the minimum to the activation barrier of the reaction potential U(x). The logarithmic law has been derived within a Kramers picture for the escape from a well (bound state) assuming that the pulling force produces a small constant bias, which reduces the height of a potential barrier. This is, however, an unlikely regime. As the linker is driven out of the adhesion complex and the bias is ramped up, a bond rupture occurs preferentially when a potential barrier almost vanishes. A similar mechanism has been recently suggested for interpretation of the effect of thermal fluctuations on atomic friction.
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Scaling of rupture forces. Equation 5 predicts a universal scaling, independent of temperature, of (〈F c -〈F max 〉) 3/2 /T with ln(V/T). Figure 2a shows the agreement between numerical calculations using the Langevin eq 1 and the analytical form in eq 5. Over a wide range of pulling velocities the numerical data obtained for three different temperatures collapse on a single straight line when plotted as (〈F c -〈F max 〉) 3/2 /T vs. ln(V/T). In contrast, when examining the expression 〈F max 〉 ∝ 1n(V/T) the scaling breaks down (see inset to Fig. 2a) . The proposed scaling can be tested experimentally for unbinding and has been shown to work in friction experiments. 5, 8 Figure 2b displays numerical results in agreement with the form in eq 6 for the distribution function of rupture forces calculated for a given velocity. We note the non-Gaussian nature of the distribution and its pronounced asymmetry. Such an asymmetry has been reported already for both small molecules 42 and macromolecules. 14 The width of the distribution is given by σ 2 Fmax and shows a decrease with a decrease in pulling velocity V. According to Fig. 2a the numerical data at very low and very high pulling velocities deviate from the predicted straight line, (〈F c -〈F max 〉) 3/2 /T vs. ln (V/T). The deviation at high driving velocities results from the dominating effect of viscous dissipation given by the term γ x · x in eq 1, which is not included in the kinetic model, eq 2. The deviation of the unbinding force from the analytical form 5 at low pulling velocities is a direct result of rebinding events discussed by Evans, 4 Seifert, 35 and Prechtel et al., 43 and which is clearly observed in the time series of the spring force shown in Fig. 2c . The rebinding appears as an intermittent series resembling stick-slip motion in friction measurements. The deviation of the high temperature curve from scaling in Fig.  2a marks the setting in of rebinding at this temperature.
MANIPULATIONS OF INDIVIDUAL MOLECULES BY SCANNING PROBE MICROSCOPY
When a tip is brought into the close vicinity of a surface, the two potential wells corresponding to the equilibrium position of the adsorbate on the tip or on the surface when they are far apart, overlap (see Fig. 3 ). As a result, the barrier for a transfer of the adsorbate between the surface and the tip decreases. The remaining barrier can be crossed spontaneously due to the presence of thermal fluctuations. However, since the involved relaxation times compete with the moving tip, the adsorbate cannot always follow the motion of the tip, and a probability of the adsorbate transfer between the surface and therefore the tip depends not only on the tip proximity but also on its velocity.
The Model
In order to mimic the manipulation of adsorbates by scanning probe microscopy, we introduce a model that consists of a monolayer of N interacting molecules with masses m and coordinates r i = {x i , y i , z i } located on a substrate, and a tip of mass M and center-of-mass coordinate R i = {X i , Y i , Z i }. The tip is pulled by a spring of stiffness K in the z-direction perpendicular to the surface {x, y}. The spring is connected to a stage which moves with a constant velocity V. The dynamics of this system is described by a system of 3N + 3 equations of motion for the tip and the molecules:
Here the potentials U m-m , U m-s , U t-m , and U t-s describe molecule-molecule, molecule-substrate, molecule-tip, and tip-substrate interactions, respectively. The parameters Γ and γ account for the dissipation of the kinetic energy of the tip and each molecule, respectively. The effect of the thermal motion of the adsorbates is given in terms of a random force f i (t), which is δ-correlated,
In our numerical simulations the molecule-molecule and tip-molecule interactions have been modeled by Morse potentials
while for U m-s and U t-s we used
where 
Qualitative Consideration of Nano-Manipulation
Qualitative features of the suggested mechanism of manipulation of individual molecules can be understood within the framework of a simplified one-dimensional model. The model describes a single particle located on the uniform surface and interacting with the tip, which is pulled off the surface with a constant velocity V = Z = const, starting from a height Z 0 . Equations 8 and 9 reduce to a 1D equation of motion for the position of the molecule, z, which under overdamped conditions, γ>>1, reads
Here
is an effective potential experienced by the molecule due to the surface and the tip. The coordinate Z of the tip enters as a parameter.
Typical evolution of the potential U eff with an increase of tip-surface distance Z is shown schematically in Fig. 3 . When the tip and surface are in close contact the two wells corresponding to adsorption on the tip or on the surface overlap, and the resulting U eff can attain the form of an asymmetric single-well. With an increase in the tip-surface distance the effective potential U eff takes the form of a two-well potential, and the barrier between two minima grows.
The set of solutions of eq 14 for different values of Z 0 and V presents trajectories in the coordinates (z,Z), which give a phase portrait of the dynamical system in the space of parameters of the energy functional U eff (z, Z). Typical phase portraits are shown in Fig. 4 for four values of pulling velocities V. All trajectories in Fig. 4 can be separated into two types: (1) trajectories that correspond to a regime where the molecule remains on the surface, and (2) Figure 4 shows that even being trapped by the tip at small Z, the molecule cannot always follow the tip motion. Due to a finite relaxation time 1/γ this depends on the tip velocity V. For high pulling velocities the molecule always remains at the surface, independent of the starting tip position, Z 0 (see Fig. 4a ). As V decreases, the second type of solutions sets in (Fig. 4 b-d) . Furthermore, the starting position of the tip, Z 0 , for which the molecule can still be picked up by the tip increases with a decrease of the pulling velocity.
The above consideration allows one to define the Z 0 -dependent critical velocity of the tip, V cr (Z 0 ), that is the maximal V for which the tip drives the particle away from the surface. The result is presented in Fig. 5 . For all values of V and Z 0 lying below the curve V cr (Z 0 ) the tip does pick up the molecule, and for the values above the curve the molecule does not follow the tip and remains on the surface.
The largest allowed value of the critical velocity can be estimated analytically. In order to do this we consider a motion of the molecule that is trapped by the tip, and assume that the distance between the molecule and the tip remains constant, z * = Vt-z(t) = const, when the tip is driven away from the surface. In this regime an effective potential experienced by the molecule is dominated by the attraction to the tip and it can be approximated by
]. Under these conditions the equation of motion (eq 14) leads to the following relation between z * and V:
Equation 15 has a solution only for -z * < σ / and V < V* cr = ε σ /(γ e). For V > V* cr the molecule cannot follow the tip motion and remains at the surface. Thus V = V* cr is the maximal driving velocity for which the tip can pick up the molecule. The estimated value of V* cr is in good agreement with the numerical results presented in Fig. 5 .
The dependence V cr (Z 0 ) not only gives a clue of how to manipulate single molecules but also allows one to estimate a range of tip velocities for which the tip picks up a desirable number, N tr , of molecules when it is driven away starting at the distance Z = Z 0 . In order to do this we define a function Z cr (V) that gives the maximal value of the initial tip-surface distance for which the tip can trap the molecule being driven away with a velocity V. The function Z cr (V) is the reciprocal of the function V cr (Z 0 ). Using this information we can conclude that the tip will pick up all molecules located under the tip within a circle of the radius R = (Fig. 6 ). Here we assumed that molecules are distributed uniformly on the surface and do not interact among themselves. Taking into account that R ∝ δ , where δ is an average distance between adsorbates on the surface and N tr is the number of molecules located within the circle, we obtain the following relation between a pulling velocity and the number of molecules picked up by the tip
Thus intersections of the curve V cr (Z 0 ) with vertical lines Z = for N tr = 1,2,3…, which are shown in Fig. 5 , give the maximal tip velocity for which the tip picks up a given number of particles, N tr , when it is driven away from the surface starting at distance Z 0 .
It should be noted that the range of tip velocities suitable for controllable molecular manipulation strongly depends on the interaction of the tip with the molecules. The latter can be made adjustable by modifying the tip chemically. 44 In this way the critical velocity can be moved into the desirable range. Surprisingly, the characteristic time to extract a molecule has been found to be as slow as 10 ms, 24 a time that allows the tip velocity to act as a control parameter.
The same mechanism of manipulation by adjusting the tip velocity and the distance of the closest approach to the surface can be used for deposition of a given number of molecules on the surface. Below we illustrate the proposed mechanism of the pick-up-and-put-down mode of manipulation by numerical simulations.
Results of the Simulation and Discussion
We have performed numerical simulations of eqs 8 and 9 that describe the coupled dynamics of the externally driven tip and the monolayer of adsorbed molecules. Solving the equations, we started from the equilibrium configuration produced when the tip is brought into close contact with the surface. Then the tip was pulled away from the surface by the spring with a constant velocity. The number of molecules picked up by the tip has been found repeatedly. As a result, we obtained a map of probability to trap a given number of particles by the tip at a given driving velocity, which is presented in Fig. 7 . Regions of high and low probability are displayed by red and blue colors, correspondingly. Figure 7b presents the distribution functions of the number of trapped particles for three representative velocities. The map shows that the number of molecules picked up by the AFM tip can vary over a wide range; for the parameters used here this number varies from 0 figurations that have been observed in the simulations: five particles (four in a plane and the fifth atop the tip, Fig. 8a) , and eight particles (six form hexagonal structure with the tip and two compensate an asymmetry caused by the difference in size of the particles and the tip, Fig. 8b ). We remark that the shape of these configurations and the number of particles in them are not universal. They are determined by the radius of the tip and parameters such as molecule-tip and moleculemolecule interactions.
The map shows that the changing of the pulling velocity indeed allows one to control the number of molecules transferred from the adsorbed layer to the tip. to 8. The desirable number can be achieved by tuning the driving velocity. In accordance with the qualitative picture discussed above, the number of trapped molecules decreases with the increase in the driving velocity. It should be noted that not all possible numbers of molecules can be trapped with equal probability. The probability map demonstrates that there are "preferred" numbers of molecules (1, 3, 5, 8) that can be picked up with a high probability, while trapping of 4, 6, and 7 molecules is less probable. The origin of such "magic numbers" can be explained by analyzing molecular configurations that can be formed around the tip. 
N tr
The proposed manipulation can be optimized and further controlled by adjusting the distance of the closed approach of the tip to the surface and a waiting time before the pulling out of the surface.
CONCLUSIONS
In summary, we have shown that single molecules could be followed and manipulated using time-dependent forces. DFS has been investigated in detail, leading to a new dependence of the mean rupture force on the pulling velocity and to an analytical expression for the distribution of rupture forces. In DFS measurements the aim should be obtaining the distribution of rupture forces, since the mean value does not always provide meaningful information about the mechanism of rupture. In particular, when the rupture involves more than a single unbinding path the distribution can have a rich behavior which is not monotonous and cannot be characterized by looking just at the mean. 10, 29 The role of velocity in the DFS is shown to be similar to what is observed in the manipulation of molecules. We therefore propose the velocity as a control parameter in the pick-up-and-put-down of a desirable number of molecules or atoms using scanning probe microscopy. 
